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Abstract  
Neural oscillations in the theta band have been linked to episodic memory, but it is unclear 
whether activity patterns that give rise to theta play a causal role in episodic retrieval. Here, we 
used rhythmic auditory and visual stimulation to entrain neural oscillations to assess whether 
theta activity contributes to successful memory retrieval. In two separate experiments, human 
subjects studied words and were subsequently tested on memory for the words (“item 
recognition”) and context in which each had been previously studied (“source memory”). 
Between study and test, subjects in the entrainment groups were exposed to audiovisual stimuli 
designed to enhance activity at 5.5 Hz, whereas subjects in the control groups were exposed to 
white noise (Expt. 1) or 14 Hz entrainment (Expt. 2). Theta entrainment selectively increased 
source memory performance in both studies. Electroencephalography (EEG) data in Expt. 2 
revealed that theta entrainment resulted in band-specific enhancement of theta power during 
the entrainment period and during post-entrainment memory retrieval. These results 
demonstrate a direct link between theta activity and episodic memory retrieval. Targeted 
manipulation of theta activity could be a promising new approach to enhance theta activity and 
memory performance in healthy individuals and in patients with memory disorders. 
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Introduction: 
In the rat hippocampus, theta oscillations temporally structure the activity of neural ensembles 
during memory retrieval and spatial navigation (Hasselmo et al., 2002), and these oscillations 
have been linked to successful learning and retention (Landfield et al., 1972; Winson, 1978). 
Theta activity is also prominent in human EEG recordings in the 4-8 Hz frequency range, and 
studies have linked scalp-recorded theta to medial prefrontal (Asada et al., 1999; Ishii et al., 
1999) and parietal sources (Foster and Parvizi, 2012; see Hsieh and Ranganath, 2014 for review) 
that are known to exhibit high functional connectivity with the hippocampus (Kahn et al., 2008; 
Libby et al., 2012; Wang et al., 2014, 2015; Wang et al., 2016). EEG studies show that theta 
activity is enhanced during successful memory encoding and retrieval, particularly on context-
dependent memory tasks that are thought to depend on hippocampal function (Klimesch et al., 
1997; Jacobs et al., 2006; Haenschel et al., 2009; Rutishauser et al., 2010; Addante et al., 2011; 
Foster et al., 2013; Staudigl and Hanslmayr, 2013; Anderson and Hanslmayr, 2014; Fuentemilla 
et al., 2014; Hsieh and Ranganath, 2014; Clarke, Roberts and Ranganath, 2018; Crivelli-Decker et 
al., 2018).  
 
If theta activity contributes to episodic memory retrieval, then direct manipulations of theta 
activity could significantly affect memory performance. Such evidence would suggest that theta 
oscillations are not mere epiphenomena (see Yartsev et al., 2011), and moreover, that targeted 
enhancement of theta activity could be used to improve episodic memory in healthy individuals 
or in patients with memory disorders.  
 
Here, we tested whether rhythmic presentation of auditory and visual stimuli could be used to 
stimulate the brain networks that generate theta activity, through a process known as 
“oscillatory entrainment” (Walter, 1953; Lakatos et al., 2008; Thut et al., 2011; Calderone et al., 
2014; Herrmann et al., 2015). In studies of visual processing, entrainment has been shown to 
enhance oscillatory activity and modulate spiking activity and behavioral performance (Lakatos 
et al., 2008; Calderone et al., 2014). These findings suggest that that rhythmic auditory and 
visual stimuli can entrain oscillatory activity, and that processing of stimuli during entrainment 
can be enhanced if stimuli are delivered at the optimal phase of the ongoing oscillation. Here, 
we were interested in determining whether entrainment can be used to stimulate brain 
networks that generate theta oscillations. Specifically, we hypothesized that entrainment of 
theta oscillations would have lasting effects on episodic memory retrieval and on spontaneous 
theta activity.  
 
To address this question, we conducted two experiments in which participants were exposed to 
audiovisual entrainment (AVE) at theta frequency (5.5 Hz) between the study (encoding) and 
test (retrieval) phases of an episodic memory paradigm. In a study using a similar memory 
paradigm, we (Addante et al., 2011) found that frontal and parietal theta oscillations were 
enhanced during successful retrieval of contextual information associated with learned items 
(“source memory”), but no effects were evident during successful recognition of items in the 
absence of correct source memory retrieval (“item memory”). These results led us to predict 
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that, if AVE has lasting effects on networks that generate theta oscillations, then we would 
expect to see improved source memory performance and enhanced theta activity during source 
memory retrieval.  
 
Materials and Methods: 
Participants: 
Experiment 1: 50 right-handed subjects (26 females) ages 18-25 (average 20.3 ±0.31 years) were 
recruited from the UC Davis undergraduate community. 25 subjects each were assigned to the 
theta (5.5 Hz) entrainment group and to the control (white noise) condition. At the point of data 
analysis, 5 subjects were removed due to chance source memory discriminability. Chance 
discriminability was defined as Percent Source Correct – Percent Source Incorrect ≤1%. The final 
analysis for the theta entrainment group included 24 subjects, and 21 subjects were included in 
the final analysis for the control group. However, inclusion of these subjects would not change 
the results--all of the major findings were statistically significant even when the entire sample 
was included. 
 
Experiment 2: 40 right-handed subjects (22 females) ages 18-26 (average 20.5 ± 0.27 SEM) were 
recruited from the UC Davis undergraduate community. 20 subjects each were assigned to the 
5.5 Hz entrainment group and the 14 Hz entrainment control group.   
 
Both experiments were approved by the Institutional Review Board at the University of 
California, Davis.  Written informed consent was obtained from each subject for both 
experiments before participation. 
 
Task: 
During the study phase (i.e., “encoding blocks”), subjects incidentally learned 200 words in the 
context of two different incidental encoding tasks. Words were studied in 4 blocks, with each 
block consisting of 50 encoding trials. During two study blocks, subjects indicated whether each 
word corresponded to a living thing (for the “alive” task), and during two blocks, they indicated 
whether it corresponded to something that is man-made (for the “man-made” task).  The order 
of “alive” and “manmade” blocks was counterbalanced across subjects.  Following the study 
blocks, subjects received 36 minutes of either theta entrainment at 5.5 Hz, or control (white 
noise in Study 1 and 14 Hz entrainment in Study 2). 
 
At test (i.e. retrieval), stimuli presented during the encoding phase were randomly intermixed 
with an additional 100 new words (lures), for a total of 300 test stimuli. Retrieval was divided 
into 6 testing blocks, each consisting of 50 words.  Each trial commenced with presentation of a 
fixation cross in the center of the screen for 1000 ms, followed by central presentation of a word 
for 1500 ms. Next, participants were prompted to make self-paced item and source decisions 
(see Fig. 1). For item-recognition judgments, subjects responded using a 5-point confidence 
scale, with 5 indicating that they were sure it was studied, 4 indicating that it was probably 
studied, 3 indicating guessing, 2 indicating it was probably new, and 1 indicating that they were 
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sure it was new.  For source decisions, subjects again used a 5-point confidence scale, with 5 
indicating that they were sure the word was presented in the man-made task, 4 indicating it was 
probably from the man-made task, 3 indicating guessing, 2 indicating it was probably from the 
alive task, and 1 indicating that they were sure it was from the alive task. During source 
judgments subjects were instructed to respond with 3 for new items.  Studied items that 
received 5 or 4 responses for item judgments were treated as item recognition “hits”.  Source 
memory hits corresponded to items studied in the alive task that received 1 or 2 responses and 
items studied in the man-made task that received 4 or 5 responses. Percentages were calculated 
based on the total number of trials, excluding missed trials in which subjects failed to make a 
response, and trials in which subjects made a 3 response (guesses).  Item Only responses 
included trials with correct item hits that were not associated with correct source hits. 
 
 
Figure 1: Schematic of the episodic memory task.  Participants incidentally learned lists of 
visually-presented words while performing two semantic decision tasks.  During “alive” blocks, 
they indicated whether each word represented a living thing, and during “man-made” blocks, 
they indicated whether it represented something that was man-made.  Following 36 minutes of 
theta entrainment or a control condition, subjects completed a surprise memory test that 
required item and source recognition confidence judgments. In Expt. 2, EEG was recorded during 
entrainment and during memory retrieval. 
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AVE procedure: 
Between encoding and retrieval phases subjects received 36 minutes of either theta 
entrainment at 5.5 Hz, or control (white noise in Study 1 and 14 Hz entrainment in Study 2). 
Subjects were presented with lights and sounds targeting a frequency of 5.5 Hz, or control, in 
order to drive theta oscillations prior to memory retrieval. A commercially available device 
(DAVID PAL 36 by Mind Alive, Inc., Edmonton, Canada) was used to administer visual stimulation 
(via LED lights embedded on the inner edge of darkened eyeglasses) and isochronic pulsed tones 
(via headphones) targeting 5.5Hz (theta entrainment groups) or 14 Hz (control group for 
Experiment 2) for 36 minutes. The protocols, and duration, are pre-set in the device which 
delivers synchronous, in phase, audio-visual stimulation. For the control condition in Experiment 
1, subjects listened to white noise for 36 minutes using the same headphones. Subjects also 
wore the eyeglasses with the lights turned off. All subjects were instructed to attend to the 
lights and sounds, and to relax during entrainment, but not to fall asleep. Subjects could close 
their eyes or leave them slightly open to ensure the comfort of each participant during the 
entrainment period, as the lights remain visible with eyes closed. 
 
EEG Recordings:  
In Experiment 2, EEG was recorded at a sampling rate of 1024 Hz with respect to a common 
mode sense (CMS) active electrode located on the scalp near electrode site Cz during the 
entrainment period and subsequent memory test using a BioSemi (http://www.biosemi.com) 
Active Two system.  EEG recordings were taken from 64 active Ag/AgCl scalp electrodes 
embedded in an elastic cap, with electrode locations corresponding to an extended version of 
the international 10/20 system (Klem et al., 1999). Recordings were also taken from active 
electrodes placed on the left and right mastoids, and horizontal and vertical electroculogram 
(EOG) recordings were made from electrodes placed lateral to each eye, and above and below 
the left eye. The skin under the electrodes was slightly abraded using a blunt applicator needle, 
and electrodes were filled with electrolyte gel. Testing was conducted in a sound-attenuated 
testing chamber.  Subjects were instructed to minimize muscle tension, eye movements and 
blinking during, particularly during the fixation periods and test stimulus presentation.  
Following the response period for each trial a slide was inserted on the screen indicating that it 
was “OK to Blink.”  Participants were encouraged restrict any blinks or eye movements to this 
period. This time period was not included in EEG analysis. 
 
EEG data analysis:  
Power estimates during entrainment: 
The EEGLAB toolbox (Delorme and Makeig, 2004) in Matlab was used in EEG data analysis. 
Examination of the spectral characteristics of the AVE signals revealed that, stimulation 
frequencies fluctuated in the first 10-15 minutes, whereas stimulation was focused on the 
targeted frequency during the 15-30 minutes following the onset of AVE. Accordingly, analyses 
of EEG data during entrainment focused on this epoch, when AVE was specifically focused on 
the targeted frequency.  
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Our analyses of EEG activity during AVE focused on effects on oscillatory power. We were 
primarily interested in testing the hypothesis that AVE stimulation would enhance EEG power at 
the targeted entrainment frequency. The AVE device used in this study was not equipped to 
generate precise records of stimulus onsets that could be synchronized to the EEG recordings, 
so we could not determine the phase relationship between the AVE stimuli and the evoked EEG 
signal. Although the phase relationship between AVE and EEG activity might be relevant for 
understanding effects of entrainment on online processing, in the present study, we were 
interested in the effects of AVE on behavior and activity during the post-entrainment period. 
Accordingly, the phase of EEG evoked during AVE was not relevant to our experimental 
questions. 
 
EEG data were resampled to 1000 Hz and filtered between 1 and 55 Hz using a Blackman 
windowed sinc FIR filter (transition bandwidth 0.2 Hz, length 27500 points). Data were 
segmented into 2 second consecutive, non-overlapping epochs and each epoch was de-meaned. 
Bad channels were detected by manual inspection of the data, and were removed before data 
were re-referenced to the average of the left and right mastoids. Independent component 
analysis (ICA) was run using runica (Delorme et al., 2007; Jung et al., 2000a,b), and SASICA 
(Chaumon et al., 2015) was used for the detection of artifactual components to reject, which 
were visually inspected for validity. The power spectra were calculated using Bartlett’s method 
which averages together the non-overlapping periodograms given by each epoch. Specifically, 
spectral power was calculated for each epoch using a fast Fourier transform (FFT) for 
frequencies between 1 and 20 Hz, in 0.5 Hz steps, normalized using a log transform and 
averaged over epochs. 
 
Time-frequency analysis during memory retrieval: 
Data analyses were performed offline using the EEGLab Toolbox (Delorme and Makeig, 2004) 
and Fieldtrip Toolbox (Oostenveld et al., 2011). Analysis during memory retrieval focused on 
trials with correct item recognition only, trials with correct item recognition and source memory 
performance, and correct rejections. All other trials were excluded from analysis. EEG data were 
down-sampled to 512 Hz, re-referenced to the average of the left and right mastoids, and high-
pass filtered at 0.5 Hz.  Data were segmented into 3.65s epochs following starting 1.25s prior to 
the onset of the word, and extending to 2.4s following the presentation of the word for each 
trial in order to encompass the baseline period, in which subjects focused on a fixation cross in 
the center of the screen through the test stimulus presentation and response periods.  These 
epochs were visually inspected to reject any trials that appeared to contain excessive noise.  
Independent component analysis (ICA) was used to correct for artifacts in the remaining trials 
(Delorme et al., 2007; Jung et al., 2000a,b).  Epochs were visually inspected again following ICA 
to reject any remaining trails that appeared to contain residual EOG, EMG, skin potential, or 
other artifacts. Following artifact rejection, the remaining trials were included in time-frequency 
analysis. 
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Time-frequency analysis was performed using 5.7 cycle Morlet wavelet decomposition (Roach 
and Mathalon, 2008) ranging from 2 to 50 Hz at 47 logarithmically spaced frequencies. The 
decomposition was performed on epochs for each trial included in analysis. Time-frequency 
analysis was performed from 450 ms prior to the test stimulus presentation to 1600 ms 
following the presentation of the test stimulus. Data were baseline corrected to the fixation 
period prior to test stimulus presentation (-450 to 0 ms). 
 
After Morlet wavelet decomposition of each trial, oscillatory power was averaged for correct 
item recognition only trials and correct item recognition and source memory trials for each 
subject in both the 5.5 Hz and 14 Hz entrainment groups, resulting in condition specific time-
frequency representations. 
 
Statistical analysis: 
Statistical analyses were performed with Fieldtrip (Oostenveld, Fries, Maris, & Schoffelen, 2011) 
on frequencies of interest. For the analysis of the entrainment period, the data were analyzed at 
5.5 Hz and at 14 Hz. For the retrieval data, theta activity (4-6 Hz) and low beta activity (12-16 Hz) 
were analyzed. Differences between the entrainment and control groups were tested using a 
cluster-based permutation approach to identify significant electrode clusters within the 
frequency band (Maris and Oostenveld, 2007). Differences between conditions were established 
using a two-tailed independent t-test with an alpha of 0.05, and the sum of cluster-forming t-
values were calculated based on neighboring electrodes (with a minimum of 2 significant 
electrodes forming a connection). Group assignments were randomly shuffled and the 
maximum cluster mass was retained from the permuted data. The data were permuted 5000 
times to create a permutation distribution that was used to calculate significance values for 
observed clusters in the original data. 
 
For the EEG data during entrainment, we tested for topographic effects, and for the retrieval 
EEG data we tested for topographic effects over time, between 0.25 seconds and 1 second. The 
time period from 0 to 0.25 seconds was not analyzed due to possible influences of pre-stimulus 
activity on wavelet power estimates. 
   
Results: 
Overview:  
Two experiments were conducted to assess effects of entrainment (see Fig. 1). Experiment 1 
was a behavioral study, in which item and source recognition was compared between 
participants exposed to 5.5 Hz entrainment and participants who were exposed to white noise. 
Experiment 2 used the same design, except that participants undergoing 5.5 Hz entrainment 
were compared against a 14 Hz entrainment control group, and EEG data were collected during 
entrainment and recognition. 
 
Experiment 1:  
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As noted earlier, theta activity is enhanced during source memory retrieval tasks that are 
thought to depend on the hippocampus. We predicted that AVE would stimulate the cortical 
networks that generate theta, thereby increasing the likelihood of theta states and enhancing 
source memory performance during the retrieval test. Consistent with this prediction, results 
from Experiment 1 (Fig. 2A and Table 1) showed that the proportion of trials associated with 
correct Item and Source memory judgments (“Item+Source”) was significantly higher for the 
entrainment group compared to the control (white noise) group (F [1,43]=4.30; p=0.044; 
Cohen’s d = 0.628). There were no significant differences between the entrainment and control 
groups in the proportion of trials for correct “Item Only” trials (F [1,43] = 1.26; p = 0.725). The 
rate of false alarms for item recognition judgments also did not significantly vary between theta 
entrainment and control groups (F [1,43] = 0.474; p = 0.495). Consistent with these findings, 
signal-detection-based analyses revealed that no significant between-group differences in item 
recognition discriminability (i.e. d’; F [1,43] = 2.22; p = 0.14), or response bias (F [1,43] = 0.46; p 
= 0.50). These results indicate that theta entrainment increased the likelihood of successful 
source memory retrieval, consistent with previous findings demonstrating a specific relationship 
between theta activity and source memory retrieval (Addante et al., 2011).  
 
 
Figure 2: Theta entrainment enhances source memory performance. Proportions of Item + 
Source hits, Item Only hits, and False Alarms are plotted for (A) Experiment 1 and (B) Experiment 
2.  Asterisks indicate significant differences between theta entrainment and control groups. 
 
According to dual-process models of recognition memory, Item-Only responses are primarily 
supported by familiarity, whereas Item+Source responses reflect familiarity and recollection 
(see Yonelinas, 2002; Mickes et al., 2009). If one assumes that recollection and familiarity are 
independent, Item-Only hit rates underestimate the effect of familiarity, because they do not 
take into account the fact that familiarity cannot be estimated for Item+Source hits (see 
Yonelinas & Jacoby, 2002). Adapting the equation from Yonelinas & Jacoby (2002), we estimated 
familiarity as follows: p(Familiarity) = p(ItemOnly)/[1-p(Item+Source)]. Consistent with our 
analyses of Item-Only hit rates, this analysis also did not reveal significant effects of entrainment 
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on familiarity (Entrainment: M=0.91; SEM=0.023; Control: M=0.88; SEM=0.044: F[1,43]=0.320; 
p=0.575). 
 
Experiment 2:  
In Experiment 2, we sought to: (1) replicate the effects of theta entrainment observed in the 
first experiment, (2) examine theta activity during entrainment and during the subsequent 
memory test, and (3) eliminate the possibility that between-group differences were driven by 
factors related to the white noise control condition, rather than entrainment. The design of 
Experiment 2 was identical to experiment 1, except that participants in the control group were 
exposed to AVE at 14 Hz, and EEG was concurrently recorded in order to assess oscillatory 
activity during entrainment and during the subsequent retrieval phase.  
 
Behavioral results for Experiment 2, summarized in Fig. 2B and Table 1, replicated those of 
Experiment 1, showing that the proportion of Item + Source trials was significantly higher for the 
5.5 Hz entrainment group compared to the 14 Hz entrainment group (F [1, 38] = 5.02; p = 0.031; 
Cohen’s d = 0.709).  Similar to experiment 1, the proportion of correct Item Only hits were not 
significantly different across the theta entrainment and control groups (F [1,38] = 2.93; p = 
0.095).  The rate of false alarms for new items also did not significantly differ across theta 
entrainment and control groups (F [1,38] = 2.61; p = 0.114). Moreover, signal-detection analyses 
revealed no difference between entrainment groups in item recognition discriminability (d’; [F 
[1.38] = 3.28; p = 0.08] or response bias [F [1,38] = 0.01; p = 0.92]. Analyses assuming 
independent familiarity and recollection processes also revealed no significant effects of 
entrainment group on item familiarity estimates (Entrainment: M=0.94; SEM=0.027; Control: 
M=0.95; SEM=0.057; F[1,38]=0.0006; p=0.981). The striking parallels between the behavioral 
results of Experiments 1 and 2 demonstrate the robustness of entrainment effects on memory. 
Furthermore, because each study used different rigorous controls, findings from the two 
experiments suggest that the between-group differences were driven by theta entrainment and 
not by factors peculiar to the control condition. 
 
We next analyzed the EEG data in order to determine the direct effects of AVE on oscillatory 
activity. During entrainment, EEG power was enhanced specifically at the entrainment 
frequencies for both the 5.5 Hz entrainment group, and the 14 Hz control entrainment group 
(Fig. 3A). Statistical analyses for power at 5.5 Hz revealed a significant enhancement for the 5.5 
Hz entrainment group compared to the 14 Hz control group across posterior electrodes (cluster 
p = 0.0064; Figure 3B), while power at 14 Hz was significantly enhanced for the 14 Hz group 
compared to the 5.5 Hz group across most electrodes, peaking over central electrodes (cluster p 
= 0.0036; Figure 3C). 
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Figure 3: Entrainment enhances EEG power at the stimulation frequencies. A) Power spectrum  
(averaged across all electrodes) showing peaks for the 5.5 Hz and 14 Hz groups at the specific 
frequencies used during AVE, and effects at the harmonics. B) Topographic map showing 
enhanced power at 5.5 Hz for the 5.5 Hz entrainment group compared to the 14 Hz entrainment 
group during AVE.  Asterisks indicate the electrodes showing a significant power enhancement 
for the 5.5 Hz group compared to the 14 Hz group. C) Topographic map showing enhanced 
power at 14 Hz for the 14 Hz control group compared to the 5.5 Hz group. Asterisks indicate the 
electrodes showing a significant power enhancement for the 14 Hz group compared to the 5.5 Hz 
group. 
 
Having established that entrainment directly affected oscillatory activity during the retention 
interval, we next tested whether entrainment affected endogenous EEG activity during the 
subsequent memory test. If entrainment led to persistent changes in the excitability of the 
networks that generate theta activity, then there are at least two ways in which it could affect 
performance (Rugg & Wilding, 2000; Wilding & Ranganath, 2011; Mitchell & Johnson, 2009). 
One possibility is that theta entrainment enhances recollective processes that are engaged 
specifically following recognition (i.e., “Post-retrieval Monitoring”). In this case, we would 
expect an interaction between theta entrainment and source recognition, such that theta power 
in the 5.5 Hz group would be elevated specifically on Item+Source trials (cf. Rugg & Wilding, 
2000). Alternatively, 5.5 Hz entrainment could increase the engagement of memory monitoring 
and control processes (i.e., “retrieval orientation”) that are engaged prior to successful memory 
retrieval (Johnson, Kounios, & Nolde, 1997; Ranganath & Paller, 1999, 2000; Johnson & Rugg, 
2006), in which case we would expect to see a main effect of entrainment group, such that theta 
power during retrieval would be generally enhanced following 5.5 Hz entrainment. 
 
We first compared theta activity between the 5.5 Hz entrainment group and the 14 Hz control 
group for all trial types. Statistical analysis showed sustained theta activity increases over frontal 
electrodes for the 5.5 Hz entrainment group compared to the 14 Hz control group (0.25-1 sec, 
cluster p =0.0392; Figure 4A). Collapsing over time, theta increases were most pronounced over 
frontal and parietal electrodes (Figure 4B). These effects were apparent only below 7 Hz, and 
present in both total theta activity (Figure 5A; Supp. Figure 1) and induced theta activity (Figure 
5B; Supp. Figure 2). Although beta activity appeared to be numerically increased at right parietal 
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electrodes (Figure 4C), there were no significant effects in the beta band. We next tested for 
selective increases for Item+Source trials compared to Item-Only trials. Although numerically 
larger, there were no significant differences in theta activity between the 5.5 Hz group and the 
14 Hz group. Accordingly, the data are most consistent with an account by which theta 
entrainment modulated one’s retrieval orientation in a manner that enhanced successful source 
monitoring (Rugg & Wilding, 2000; Mitchell & Johnson, 2009).   
 
 
Figure 4: Theta entrainment enhances spontaneous theta power during memory retrieval. A) 
Topographies showing enhanced theta activity for the 5.5 Hz entrainment group compared to 
the 14 Hz control group. Asterisks show electrodes in significant cluster over frontal electrodes. 
B) Enhanced theta activity averaged across time for the  5.5 Hz entrainment group compared to 
the 14 Hz control group. C) Low beta activity shows no significant differences between the two 
groups. 
 
 
 
Figure 5: Time frequency representations showing differences between the 5.5 Hz entrainment 
group and the 14 Hz control group over frontal electrodes. Specific increased power is seen 
below ~7 Hz in both an analysis of, A) total power, and B) induced power. 
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Discussion: 
To summarize, results from two independent experiments showed that entrainment of theta 
oscillations enhanced source memory performance, when compared against white noise (Expt. 
1) or entrainment at a non-theta frequency (Expt. 2). Furthermore, entrainment at theta 
frequency increased spontaneous theta activity during memory retrieval, suggesting that it had 
lasting effects on the cortico-hippocampal networks that generate theta activity. The results 
demonstrate that direct manipulations of theta oscillations have relatively selective effects on 
memory retrieval and endogenous neural activity. These studies indicate that theta oscillations 
reflect neural processes that directly contribute to successful episodic memory retrieval.  
 
Previous attempts to influence neural oscillatory activity with entrainment have largely focused 
on either short periods of flickering visual stimulation (Williams, 2001; Wimber et al., 2012; 
Sato, 2013) or auditory tones (Will and Berg, 2007; Henry and Obleser, 2012; Herrmann et al., 
2013a; Henry et al., 2014; Ronconi et al., 2016) on a trial-by-trial basis during encoding.  For 
instance, Williams (2001) reported that flicker stimulation at 10 Hz (alpha frequency) enhanced 
memory encoding. Wimber et al. (2012) used flickering visual stimuli presented at 6 or 10 Hz to 
entrain oscillations during encoding of words. This study did not report significant effects of 
entrainment frequency on memory performance, but EEG power at the flicker frequency was 
enhanced during memory retrieval.  Another study found that flicker at 7.08 Hz induced 
transient changes in theta activity during spatial working memory encoding, but no cognitive 
effects were found for working memory performance (Sato, 2013). 
 
In the present study, extended AVE was presented during the interval between memory 
encoding and retrieval in a between-subjects design. We chose this design because we expected 
that AVE during the retention interval would have lasting effects by enhancing the likelihood of 
theta states during the subsequent memory retrieval test. Although this hypothesis was 
speculative, the results of Experiment 2 demonstrated that 5.5 Hz entrainment increased theta 
power during the subsequent memory retrieval test. The results provide new evidence to 
demonstrate that prolonged theta entrainment can have lasting effects on subsequent 
neurophysiology and memory performance. 
  
As noted earlier, the spectral characteristics of the AVE signals from the entrainment device 
were not constant throughout the entrainment period. The signals were delivered at variable 
frequencies during the first 15 minutes, and stabilized at 5.5 Hz from 15 to 30 minutes into the 
entrainment session. It is conceivable that the variations in entrainment frequencies in the first 
15 minutes could contribute to the group differences in memory performance that we 
observed. However, this explanation does not account for the EEG data, which demonstrated a 
selective increase in power at 5.5 Hz for the theta entrainment group during the post-
entrainment memory retrieval task 
 
Persistent effects of oscillatory entrainment have been demonstrated using other methods, 
such as non-invasive brain stimulation (for review see Veniero et al., 2015). Notably, direct 
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effects of stimulation effects on evoked oscillatory power typically do not persist long beyond 
the stimulation period (Hanslmayr et al., 2014). Thus, it is more likely that persistent effects of 
stimulation, and possibly entrainment, are driven by other factors, such as NMDA receptor 
dependent plasticity (Nitsche et al., 2003; 2004) in prefrontal and parietal (Hsieh and 
Ranganath, 2014) circuits that naturally resonate at the stimulation frequency (Zaehle et al., 
2010; Veniero et al., 2015; Vossen et al., 2015). 
 
The present results help to clarify the role of theta activity in episodic memory. Many studies 
have reported that theta activity is enhanced during successful episodic memory retrieval (e.g., 
Guderian & Duzel, 2005; Gruber et al., 2008; Addante et al., 2011, 2012; Meyer et al., 2015; 
Herweg et al., 2016; Backus et al., 2016; Clarke, Roberts and Ranganath, 2018; Crivelli-Decker et 
al., 2018), but the functional significance of these enhancements is unclear. Our EEG analyses 
provide some insights into the cognitive processes that were impacted by theta entrainment. 
The source memory task used here requires both recollection of past events (Yonelinas, 2002) 
and the accurate monitoring and evaluation of recollected details (Mitchell & Johnson, 2009; 
Johnson et al., 2012). Because we did not find a selective effect of entrainment on source 
memory, the results do not provide evidence for the idea that theta activity solely enhanced 
memory consolidation by stimulating reactivation of studied information (Fuentemilla et al., 
2010) or that it enhanced recollective processes such as post-retrieval monitoring (Rugg and 
Wilding, 2000; Mitchell & Johnson, 2009). In the absence of such a selective effect, the overall 
enhancement of theta power in the 5.5 Hz entrainment group is more consistent with 
enhancement of processes that generally enhance source monitoring. For instance, entrainment 
could have led participants to change their “retrieval orientation” (Rugg & Wilding, 2000) and 
selectively attend to retrieved details that are particularly diagnostic to successful source 
discrimination (Ranganath & Paller, 1999; 2000; Mitchell & Johnson, 2009; Wilding & 
Ranganath, 2011). It is also possible that 5.5 Hz entrainment enhanced the ability to engage in a 
different kind of preparatory state that enhances the likelihood of recollection (“retrieval 
mode”; cf. Lepage et al., 2000). Both of these concepts can account for the selective effect of 
theta entrainment on source memory accuracy and the overall effect of entrainment on theta 
activity during memory retrieval.  
 
The present results are somewhat discrepant with findings from a recent study that investigated 
the effects of 5 sessions of transcranial magnetic stimulation (TMS) to parietal cortex 
(Nilakantan et al., 2017). Following up on work by Wang, Voss, and colleagues (Wang et al., 
2014, 2015), Nilakantan et al. targeted stimulation to parietal regions that show high functional 
connectivity with the hippocampus. Wang et al. (2014, 2015) previously showed that, following 
the stimulation sessions, those who received parietal stimulation showed better performance 
on an episodic memory test and increased intrinsic functional connectivity within a posterior 
medial cortico-hippocampal network (Libby et al., 2012; Ranganath & Ritchey, 2012) that 
includes potential sources of scalp-recorded theta activity in humans (Hsieh and Ranganath, 
2014). Using a similar procedure, but a different memory paradigm, Nilakantan et al. found that 
stimulation did not increase the likelihood of recollection, but it increased the precision of 
15 
 
recollected memories. Surprisingly, participants in the stimulation group showed a reduction in 
theta activity during memory retrieval. Although it is surprising that their manipulation reduced 
theta activity and enhanced the precision of recollection, there are many possible explanations 
for their results. One possibility is that their reported enhancement in recollection was driven by 
effects other than theta, such as enhancement of sub-delta (<1 Hz) oscillations that could 
mediate intrinsic functional connectivity measured by fMRI (He et al., 2008). Another, non-
exclusive, possibility is that theta activity promotes engagement of cognitive control processes. 
If parietal TMS enhanced hippocampal function, as suggested by Wang et al., (2014, 2015), then 
this might have enhanced spontaneous recollection and reduced the need for cognitive control 
during retrieval. This account is totally speculative, but it can potentially explain the reduction in 
theta activity following stimulation in Nilakantan et al. (2017), along with the general finding 
that theta activity is associated with improved source monitoring (Mitchell and Johnson, 2009). 
 
One potential implication of the present results is that enhancement of oscillatory activity might 
be a promising target for improving learning and memory performance. As a noninvasive 
approach that does not require the administration of electrical current or strong magnetic fields, 
AVE could be promising for patients with memory disorders that are characterized by abnormal 
oscillatory patterns (Voytek and Knight, 2015). Further research is needed, however, to test the 
generalizability of the reported effects to other oscillatory entrainment methods and to other 
memory paradigms. Also, it will be important to test whether repeated theta entrainment could 
elicit lasting effects on episodic memory and endogenous theta activity in healthy individuals 
and in clinical populations.  
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Table 1: Mean performance (standard error of the mean) for the entrainment and control 
groups for both experiments 
  
Item+Source 
hits 
Item Only 
hits False Alarms Item d' C 
Experiment 1 Theta 73.8% (2.1) 11.2% (1.8) 16.7% (1.9) 1.94 (0.11) -0.24 (0.06) 
 Control 68.3% (1.5) 12.2% (2.0) 18.8% (2.3) 1.73 (0.07) -0.31 (0.05) 
Experiment 2 Theta 70.9% (1.3) 11.9% (1.7) 19.1% (3.1) 1.96 (0.14) -0.23 (0.04) 
 Control 66.2% (1.9) 16.2% (1.9) 25.8% (2.7) 1.65 (0.10) -022 (0.04) 
 
 
 
 
 
Sup Figure 1: Time frequency representations of total power showing differences between the 
5.5 Hz entrainment group and the 14 Hz control group at each electrode between 2 and 50 Hz. 
Data is combined across Item+Souce and Item only trials. 
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Sup Figure 2: Time frequency representations of induced power showing differences between the 
5.5 Hz entrainment group and the 14 Hz control group at each electrode between 2 and 50 Hz. 
Data is combined across Item+Souce and Item only trials. 
 
 
